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 This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government, nor any agency thereof, nor any of 
their employees makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
 
 This report is available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders 
accepted at (703) 487-4650. 
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PILOT-SCALE TESTING OF OPACITY CONTROL OPTIONS FOR SYNCRUDE 
 
 
ABSTRACT 
 The mercury adsorption capacity of a residual oil fly ash (ROFA) sample collected form 
Florida Power and Light Company’s Port Everglades Power Plant was evaluated using a 
bituminous coal combustion flue gas simulator and fixed-bed testing protocol. A size-segregated 
(>38 µg) fraction of ROFA was ground to a fine powder and brominated to potentially enhance 
mercury capture. The ROFA and brominated-ROFA were ineffective in capturing or oxidizing 
the Hg0 present in a simulated bituminous coal combustion flue gas. In contrast, a commercially 
available DARCO® FGD initially adsorbed Hg0 for about an hour and then catalyzed Hg0 
oxidation to produce Hg2+. Apparently, the unburned carbon in ROFA needs to be more 
rigorously activated in order for it to effectively capture and/or oxidize Hg0. 
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EVALUATION OF RESIDUAL OIL FLY ASH AS A MERCURY SORBENT FOR COAL 
COMBUSTION FLUE GAS 
 
 
EXECUTIVE SUMMARY 
 
The mercury adsorption capacity of a residual oil fly ash (ROFA) sample collected form 
Florida Power and Light Company’s Port Everglades Power Plant was evaluated using a 
bituminous coal combustion flue gas simulator and fixed-bed testing protocol. A size-segregated 
(>38 µg) fraction of ROFA was ground to a fine powder and brominated to potentially enhance 
mercury capture. As indicated in Figure ES-1, the ROFA and brominated-ROFA were 
ineffective in capturing or oxidizing the Hg0 present in a simulated bituminous coal combustion 
flue gas. In contrast, a commercially available DARCO® FGD initially adsorbed Hg0 for about 
an hour and then catalyzed Hg0 oxidation to produce Hg2+. Apparently, the unburned carbon in 
ROFA needs to be more rigorously activated in order for it to effectively capture and/or oxidize 
Hg0. 
 
 
 
 
Figure ES-1. Comparison of total Hg and Hg0 breakthrough results for ROFA, brominated 
ROFA, and DARCO® FGD. 
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EVALUATION OF RESIDUAL OIL FLY ASH AS A MERCURY SORBENT FOR COAL 
COMBUSTION FLUE GAS 
 
 
INTRODUCTION 
 
Residual oil fly ash (ROFA) may be an effective mercury sorbent and/or elemental 
mercury (Hg0) oxidation catalyst because it contains carbonaceous particles (i.e., unburned 
carbon) and major concentrations of transition metals (e.g., Fe, V, and Ni) that could provide 
good catalytic activity (Mul et al., 1998; Davini, 2002). In addition, ROFA is composed of fine 
spherical particles that possess a large amount of surface area. The potential use of ROFA as a 
catalyst for converting Hg0 to a mercuric compound (Hg2+) would be beneficial because Hg2+ is 
much more soluble and chemically reactive than Hg0, thus rendering it much easier to capture 
using conventional pollution control technologies. 
 
The Energy & Environmental Research Center (EERC) evaluated the mercury adsorption 
capacity of a ROFA sample collected by Florida Power and Light Company from its Port 
Everglades Power Plant. ROFA was collected from the electrostatic precipitator (ESP) hoppers 
of Port Everglades Units 1 and 2 on June 1, 2006. Units 1 and 2 are 200-MW steam boilers that 
burn ≤ 1.0 wt% sulfur residual fuel oil and/or natural gas.  
 
 
EXPERIMENTAL 
 
The ROFA sample was evaluated using an established bench-scale approach involving a 
simulated coal combustion flue gas, as described in Table 1, and a fixed-bed test protocol. The 
EERC bench-scale system, depicted schematically in Figure 1, is composed of three subsystems: 
mercury/gas delivery system, sorbent/catalyst reactor system, and continuous mercury-
monitoring (CMM) system. Mass flow controllers were used to maintain a constant gas flow, and 
flowmeters were used to verify flow rates. An Hg0 permeation tube was maintained at a constant 
temperature and continuously purged with nitrogen to ensure constant outlet Hg0 concentrations. 
The output from the permeation tube was verified using U.S. Environmental Protection Agency 
(EPA) Method 101A for measuring total mercury at the inlet of the reactor system. 
 
Fixed beds of ROFA were created on quartz-fiber filters. Filters were uniformly coated 
with ROFA by pulling a vacuum on the outlet side of a filter holder and feeding the ROFA at the 
inlet side. The fixed-bed assembly was maintained at a specific temperature inside an oven that 
was controlled to ±1EF. Slipstreams of a simulated bituminous coal combustion flue gas, 
described in Table 1, were sampled at the filter holder inlet and fixed-bed outlet and sent to a gas 
conditioning/conversion system that removes moisture and acid gases, captures elemental 
mercury, and also converts oxidized Hg species to Hg0. A PS Analytical (PSA) Sir Galahad was 
used to measure total Hg and  
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Figure 1. Schematic of EERC bench-scale mercury sorbent evaluation system. 
 
 
Hg0 concentrations. The PSA measures Hg based on atomic fluorescence spectroscopy. The 
difference between the total Hg and Hg0 concentrations is an estimate of Hg2+ concentration. 
During sorbent testing, the fixed-bed outlet Hg0 and Hg2+ concentrations were expressed as a 
percent of the inlet Hg0 concentration as a function of time. Normalizing the data to the inlet Hg0 
concentration removes any variability in Hg concentrations caused by temperature variations or 
mass flow controller calibration drift. 
 
Comparative tests were performed with ROFA mass loadings of 150 mg that minimize the 
effects of mass transfer limitations. At the test flow rate of 0.9 m3/hr and Hg0 concentration of 10 
μg/m3, 150 mg of ROFA corresponds to a sorbent–Hg ratio of 3700. A Hg capture efficiency of 
at least 80% after an hour of testing is indicative of good Hg capture at a reasonable sorbent–Hg 
ratio. An Hg0-to-Hg2+ conversion efficiency of >60% is generally considered indicative of an 
effective Hg0 oxidation catalyst. 
 
As a quality control measure, mass balances were performed. ROFA samples were 
analyzed for Hg, and CMM results were integrated to determine the concentration of Hg on the 
sorbent. The amount of Hg generated during the test is known based on permeation tube 
calibrations and EPA Method 101A measurements. Acceptable Hg mass balances range between 
80% and 120%. 
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        Table 1. Simulated Bituminous Coal  
        Combustion Flue Gas Composition, 
        dry basis 
Gas Components Concentration
O2 6%
CO2 12% 
SO2 1600 ppm 
HCl 50 ppm 
Hg0 10 Fg/m3 
NO 300 pm 
NO2 20 ppm 
N2 Balance 
H2O 8% 
 
 
RESULTS AND DISCUSSION 
 
Bulk ROFA Characteristics 
 
The average chemical composition from duplicate analyses of the residual oil burned at 
Port Everglades Units 1 and 2 is presented in Table 2. The oil contains a high magnesium 
concentration because a water-based magnesium hydroxide fuel additive was injected into the 
fuel oil at a ratio of about 1:2500. Residual oil combustion at Port Everglades produced a 
relatively carbon-rich 12.1 wt% fly ash. The Hg content of the ROFA was only 0.030 ppm. 
 
Size-Segregated and Chemically Treated ROFA 
 
In an effort to enhance the Hg sorbent potential of ROFA, a representative split of the 
ROFA sample was size-segregated using a stack of 200- and 400-mesh sieves. The particles in 
the range -200 to +400 mesh (>38 µm) were collected and ground to  
-400 mesh. The carbon content of the size-segregated ROFA was actually less at  
4.84 wt% relative to the bulk ROFA sample. The size-segregated ROFA was placed in a round-
bottomed flask. The round-bottomed flask was attached to a rotary evaporator. Liquid bromine 
(0.1 g) was placed in a bubbler attached to a nitrogen source. The flask containing ROFA was 
attached to the bromine source. The bromine vapor diluted with nitrogen was passed through the 
ROFA while gently rotating so that bromine was uniformly absorbed to the ash particles. After 
all of the bromine was transferred to the ROFA, the brominated ROFA was flushed with 
nitrogen. This approach has been used at the EERC and elsewhere to enhance the Hg adsorption 
capacities of activated carbons. 
 
 A liquid separation process based on the hydrophobic nature of carbon was attempted to 
concentrate carbon-rich particles from the ROFA. A large sample of ROFA was placed in a 
1000-mL beaker containing a magnetic stir bar and water. After stirring the ROFA slurry for 
about 10 minutes, the water surface was visually examined for carbon-rich particles. This 
approach, however, did not successfully concentrate the 
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  Table 2. Inorganic Chemical Analysis of Port  
  Everglades Units 1 and 2 Residual Fuel Oil 
Element Concentration, mg/kg 
Calcium 23 
Magnesium 102 
Phosphorus <10 
Potassium <10 
Sodium 23 
Vanadium 36 
Zinc <10 
Sulfur 9800 
 
 
carbon-rich particles, probably because they contain an abundance of inorganic matter, primarily 
transition metals (e.g., Fe, Ni, and V). 
  
Bench-Scale Hg Adsorption Evaluations 
 
 The eight bench-scale Hg sorbent tests described in Table 3 were performed. An EPA 
Method 101A measurement of the Hg0 permeation flow rate (9.3 µg/hr) combined with a flue 
gas flow rate of 0.9 m3/hr equates to a Hg0 concentration of 10.3 µg/m3 in the simulated coal 
combustion flue gas. This value compares favorably to the anticipated value of 10 µg/m3 Hg0 
based on the Hg0 vapor pressure–temperature relationship. In Figure 2, the ROFA and 
brominated ROFA Hg sorbent test results are compared with those obtained on Norit DARCO® 
FGD, a widely used activated carbon sorbent for controlling Hg emissions. The DARCO® FGD 
provides very good Hg removal (≥ 80%) for about an hour before the Hg0 is no longer 
effectively captured and breaks through. DARCO® FGD becomes an effective Hg0 oxidation 
catalyst after about 1.5 hours as evidenced by the high total Hg proportions and corresponding 
very low Hg0 proportions. In contrast to DARCO® FGD, the ROFA and brominated ROFA did 
not effectively capture or oxidize Hg0. 
 
 
  Table 3. Bench-Scale Hg Sorbent Test Matrix 
Sample Description Temperature, EF Number of Tests 
ROFA 225 3 
Brominated ROFA 225 1 
DARCO® FGD 225 1 
ROFA 400 3 
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Figure 2. Comparison of total Hg and Hg0 breakthrough results for ROFA, brominated ROFA, 
and DARCO® FGD. 
 
 
Bench-scale Hg sorbent testing and mass balance calculation results are presented in Table 
4. Mass balance calculations were not performed for the brominated ROFA, because the 
bromination procedure did not enhance Hg0 adsorption relative to the bulk ROFA sample. 
Consistent with the Hg breakthrough results in Figure 1, the Hg capacities of the ROFA samples 
were very low relative to the DARCO® FGD. The Hg mass balance results were all biased low 
relative to the acceptable 80%–120% range, especially those that were calculated for the higher 
temperature (400°F) tests. Even though the mass balances were low, the bench-scale tests 
indicate that ROFA and brominated ROFA did not effectively adsorb or oxidize Hg0, whereas 
DARCO® FGD effectively adsorbed Hg0 and then oxidized Hg0 as expected. 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
The ROFA and brominated ROFA were ineffective in capturing or oxidizing the Hg0 
present in a simulated bituminous coal combustion flue gas. In contrast, the commercially 
available DARCO® FGD initially adsorbed Hg0 for about an hour and then catalyzed Hg0 
oxidation to produce Hg2+ which is more effectively captured in conventional pollution control 
devices, especially wet scrubbers. The unburned carbon in ROFA probably needs to be more 
rigorously activated in order for it to effectively capture Hg0. For example, Davini (2002) 
produced an activated carbon for industrial flue gas treatment processes (SO2 and NOx 
adsorption) by treating ROFA with acidic solutions (HCl and HF) followed by activation at 
900°C with CO2 and then with O2 (1%) in N2 at 800°C. Baek et al. (in press) modified ROFA 
using CO2 activation and sulfur impregnation processes. The CO2-activated and sulfur-rich  
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     Table 4. Bench-Scale Hg Testing and Mass Balance Calculation Results 
 
Sample Description 
ROFA, 
225°F 
ROFA, 
225°F 
ROFA, 
225°F 
DARCO® 
FGD, 225°F 
ROFA, 
400°F 
ROFA, 
400°F 
ROFA, 
400°F 
Sorbent, mg 151.2 150.7 152.0 150.1 151.7 151.1 150.5 
Test Duration, hr 1.4 1.2 1.2 2.5 1.0 0.9 1.2 
Inlet Hg1, µg/m3 12.53 12.53 12.06 11.80 11.18 11.16 11.11 
Inlet Hg0 generated2, µg 13.3 11.2 10.7 22.9 8.99 8.06 11.0 
Hg Captured, µg 0.0158 0.0085 0.0194 8.146 0.1954 0.1355 0.0035 
Hg Capacity, µg/g 0.10 0.06 0.13 54.3 1.29 0.90 0.02 
Hg Breakthrough3, µg 10.4 8.60 7.60 8.97 5.11 4.42 7.76 
Hg Mass Balance, % 78.0 77.2 71.3 74.6 59.1 56.6 70.5 
          1Average CMM result. 
          2Calculated from the EPA Method 101A measurement and calibration of the Hg0 permeation source flow rate 
(9.3 µg/hr) and test duration. 
          3Determined by integrating CMM results obtained downstream from the sorbent fixed bed. 
 
 
ROFAs adsorbed Hg0 at efficiencies similar to commercially available activated carbons and 
sulfur-impregnated carbons. 
 
The EERC tried brominating a size-segregated fraction of the ROFA in an attempt to 
chemically activate the unburned carbon particles. Apparently, chemical activation alone is 
insufficient, and physical activation, possibly involving heating and CO2 activation to increase 
the carbon surface area, is required. The EERC did not perform these more rigorous activation 
procedures because they require additional equipment, personnel, and chemical supplies that 
were not planned for in the original scope of work (EERC Proposal No. 2006-0027). 
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